This review summarizes significant advances in the epidemiology, pathophysiology and treatment of congenital hypothyroidism, with a focus on thyroid dysfunction in preterm infants.
INTRODUCTION
Thyroid hormone is critical for normal growth and brain development, and hypothyroidism in infancy is the leading cause of intellectual impairment worldwide. This update will discuss significant new contributions to this field since the subject was last reviewed in February 2010 [1] . Particular attention will be given to the emerging understanding of thyroid dysfunction in preterm infants.
INCIDENCE OF CONGENITAL HYPOTHYROIDISM
Beginning in the 1980s, newborn screening programmes have reported a rise in the incidence of congenital hypothyroidism to 1 : 1400-1 : 2800 infants from the rate of 1 : 3000-1 : 4000 when screening was first introduced [2] [3] [4] [5] . This increase has been attributed to the widespread shift from primary T4 to primary thyroid stimulating hormone (TSH) screening strategies and to the diagnosis of milder cases of congenital hypothyroidism [6] . Deladoey et al. [4] retrospectively analysed 1.6 million infants screened in Quebec over 20 years and found that the increase in overall incidence of congenital hypothyroidism (from 1 : 2898 to 1 : 2450) was entirely attributable to a decrease in the screening TSH threshold. The additional cases identified were milder, with a lower median TSH concentration (18 vs. 106.5 mIU/l) and a higher median T4 concentration (15.0 vs. 5.9 mg/dl). Because 90% of patients with congenital hypothyroidism in Quebec undergo thyroid scintigraphy, the investigators were further able to assess changes in congenital hypothyroidism incidence by cause. They observed a stable incidence of thyroid dysgenesis and dyshormonogenetic goiter (generally more severe forms of congenital hypothyroidism); a rise was seen only in cases with a normal thyroid gland in situ, consistent with their milder phenotype [4] .
An important clinical question is whether these milder cases of congenital hypothyroidism are transient or require permanent treatment. Two recent retrospective studies from Italy directly address this question. Of note, both studies used a standardized assessment of the need for ongoing treatment after age 2-3 years, overcoming a limitation of many prior studies. Olivieri who found that 34% of 84 babies with a normalappearing, eutopic thyroid gland had permanent hypothyroidism irrespective of whether the initial TSH elevation was mild (<20 mIU/l) or severe (20 mIU/l). Furthermore, in 20% of initially mild cases, the serum TSH concentration eventually rose above 100 mIU/l. These data support the conclusion that newborns with mild abnormalities on neonatal screening nonetheless have a significant risk of permanent congenital hypothyroidism that may become more severe in the future.
Another factor in the increasing incidence of congenital hypothyroidism is changing demography, as initially suggested by data from the USA [9] . Albert et al. [5] reviewed all cases of congenital hypothyroidism diagnosed in New Zealand over 17 years and documented a rising incidence (1 : 3846 to 1 : 2778) due entirely to an increased rate of dyshormonogenesis, with no change in the rate of thyroid dysgenesis. On the basis of national demographic data and the increased risk of dyshormonogenesis in Asians and Pacific Islanders, the investigators concluded that the rise in incidence of congenital hypothyroidism was due solely to increased birth rates in these ethnic populations.
In recent years, survival has improved dramatically for low birth weight (LBW, 1500-2500 g) and very low birth weight (VLBW, <1500 g) infants. Although these infants are at a high risk of thyroid dysfunction, they are probably not the major reason for the overall increase in congenital hypothyroidism incidence. Mitchell et al. reviewed 304 cases of congenital hypothyroidism diagnosed by the New England regional screening programme over a recent decade ( Fig. 1) [3] . The proportion of patients with congenital hypothyroidism with LBW rose (from 5 to 17%), but the proportion with VLBW actually fell slightly (from 23 to 19%); overall, the increase in LBW and VLBW infants accounted for only a small fraction of the near-doubling in overall congenital hypothyroidism incidence (1 : 3010 to 1 : 1660). Notably, a similar conclusion was reached by the group from Quebec [4] .
THYROID FUNCTION IN PRETERM INFANTS
Although advances in neonatal care have dramatically improved the survival of extremely preterm newborns, many such infants suffer from complications that include cerebral palsy, developmental delay and blindness. In addition to their medical morbidity, caring for these lifelong complications imposes significant costs on the medical system (estimated at $1 million per patient with cerebral palsy) [10] . Thyroid hormone is essential for normal neurodevelopment, and hypothyroxinemia is correlated with poor outcomes in preterm infants [11] . It remains unclear whether thyroid dysfunction actually contributes to neurodevelopmental deficits in these patients, but if so, treatment might both improve outcomes and reduce healthcare costs.
Several patterns of thyroid dysfunction are seen in preterm infants. The most common pattern is transient hypothyroxinemia of prematurity (THOP; low T4 with normal TSH), which is observed in up to 50% of infants born before 28 weeks [10] . The only interventional trial to assess the effect of L-thyroxine treatment of THOP on developmental outcome showed an initial benefit at 2 years of age in infants born at less than 27 weeks gestation, but a lower intelligence quotient (IQ) in more mature infants, with no significant difference in either group by the age of 10 years [12, 13] . A recent study [14] from Japan also suggests that treatment of THOP may not be benign. In a nationwide case-control study, the risk of circulatory collapse was higher in VLBW infants treated with L-thyroxine than in untreated controls (4.2 vs. 1.8%). This finding, along with
KEY POINTS
The incidence of congenital hypothyroidism has risen over the last several decades, primarily due to changes in newborn screening strategies.
Preterm newborns are at a high risk for thyroid dysfunction, including THOP and congenital hypothyroidism with delayed TSH rise, but the clinical significance of these conditions remains uncertain.
Patients with severe congenital hypothyroidism remain at risk for subtle neurocognitive deficits and may be sensitive to small variations in L-thyroxine dose.
previous concerns for an increased risk of necrotizing enterocolitis [15] , warrants close attention in future interventional trials of therapy for THOP.
In addition to THOP, VLBW infants have a risk of primary hypothyroidism (low T4 with elevated TSH) about 14 times higher than that of normal birth weight babies (1 : 250) [16] . Of VLBW infants with congenital hypothyroidism detected on newborn screening, nearly two-thirds exhibit a pattern of 'delayed TSH rise', in which the TSH is initially normal but later becomes elevated [16, 17] . Woo et al. retrospectively studied 22 patients with congenital hypothyroidism and delayed TSH rise identified by screening 92 800 infants over 7 years in Rhode Island, USA. The incidence of congenital hypothyroidism with delayed TSH rise increased strikingly with lower birth weight: 1 : 58 in extremely low birth weight (ELBW, <1000 g) infants, 1 : 95 in VLBW infants and 1 : 30 329 in infants with birth weight at least 1500 g [18] . In 19 ELBW/VLBW infants, a delayed rise in TSH was detected at a mean age of 22 days, the mean initial T4 concentration was low (4.7 mg/dl) and the mean peak TSH concentration was 62.3 mIU/l ( Table 1) . Three of 19 infants (15.8%) had a peak TSH concentration of more than 100 mIU/l and were treated with L-thyroxine, whereas the remaining patients were untreated. All cases of congenital hypothyroidism with delayed TSH rise were transient and resolved at an average age of 51 days, in contrast to another series in which 30% of cases were permanent [3] . Follow-up data, including developmental assessments, were obtained at 18 months of age in nine of 16 surviving patients (55%). Compared with matched controls, patients with delayed TSH rise showed no difference in neurological examination or mental or psychomotor development but had an increased incidence of small head circumference less than the 10th percentile (33 vs. 0%), a finding of unclear clinical significance [18] .
The high incidence of thyroid dysfunction in preterm infants has multiple causes. These infants are often critically ill and therefore may have low serum T4 and T3 concentrations due to nonthyroidal illness (NTI). Because inflammatory cytokines have been implicated in the pathophysiology of NTI, Dilli and Dilmen [19] investigated the relationship of markers of systemic inflammation with thyroid function in 148 infants born at less than 33 weeks gestational age. The authors confirmed a negative correlation between serum T3 concentration and levels of inflammatory markers [interleukin (IL)-6 and C-reactive protein (CRP)], as well as a significantly higher rate of sepsis in patients with a low T3 concentration (<65 ng/dl). Because the ability to escape from the Wolff-Chaikoff effect does not mature until 36 weeks, preterm infants are at a risk of hypothyroidism from excess iodine exposure. Recognition of this risk has led to the removal of iodine-containing antiseptics from most intensive care nurseries and has greatly reduced this cause of hypothyroidism. However, because preterm infants have lower iodine stores and greater iodine requirements than term infants, they are also at a risk for hypothyroxinemia due to iodine deficiency. The potential importance of this risk is highlighted by a study of iodine content in the nutrition provided to hospitalized preterm infants 
GENETICS OF CONGENITAL HYPOTHYROIDISM
Congenital hypothyroidism may be caused by mutations in a variety of genes involved in thyroid development or thyroid hormone biosynthesis. The dual oxidase (DUOX) enzymes expressed in thyroid follicular cells generate the hydrogen peroxide necessary for the organification of iodide. Defects in DUOX2 cause a broad spectrum of thyroid dysfunction ranging from permanent or transient congenital hypothyroidism to euthyroid goitre in adults. A suggested explanation for this phenotypic variability is partial compensation of deficient DUOX2 function by the closely related DUOX1. In a mouse model, Grasberger et al. [21] showed that although DUOX2 deficiency causes mild hypothyroidism, animals lacking both DUOX2 and DUOX1 function are severely hypothyroid. As isolated DUOX1 deficiency has never been found to cause thyroid dysfunction, this report represents the first in-vivo evidence of a physiologic role for DUOX1 in the thyroid.
Although most congenital hypothyroidism is due to defects of the thyroid gland, a small proportion of congenital hypothyroidism is central in origin. Sun et al. [22] recently described a novel genetic cause of central hypothyroidism due to mutations in IGSF1. Deficiency of IGSF1 results in X-linked central congenital hypothyroidism, either in isolation or in combination with prolactin or growth hormone deficiency. Patients with IGSF1 deficiency also develop macroorchidism and may have pubertal delay, although gonadotropin deficiency has not been described.
TREATMENT OF CONGENITAL HYPOTHYROIDISM
Since the introduction of newborn screening 40 years ago, early detection and treatment has essentially eradicated severe intellectual impairment due to congenital hypothyroidism in the developed world. However, individuals with congenital hypothyroidism may still have subtle neurodevelopmental problems, including motor delays, behavioural difficulties, attention deficit and alterations in memory [11] . Whether these deficits are simply due to inadequate postnatal treatment was addressed by a recent Dutch study. van ] studied 95 toddlers with congenital hypothyroidism in whom L-thyroxine treatment had been started at a median age of 9 days, with normalization of the serum free T4 concentration within 2.1 days and of the serum TSH level within 18.6 days. Nevertheless, at age 2 years, patients with severe congenital hypothyroidism had delays in mental development relative to the general population (mental development index 88 vs. 100, P < 0.001), and similar delays in psychomotor development were evident regardless of the severity of congenital hypothyroidism (psychomotor development index 89 vs. 100, P < 0.001). Deficits were more pronounced in patients with lower initial free T4 levels, but were unrelated to the initial L-thyroxine dose or to the timing of treatment. The authors argue that prenatal hypothyroxinemia may be important in the long-term sequelae of congenital hypothyroidism, but further studies are needed to determine whether these deficits are sustained at an older age, when cognitive testing is more reliable.
A longstanding question in the treatment of hypothyroidism is the bioequivalence of various formulations of L-thyroxine. This issue is especially relevant to young children with congenital hypothyroidism in whom maintaining consistent euthyroidism is critical to normal brain development. A study directly assessing this question in children with severe congenital hypothyroidism was recently performed by Carswell et al. [24 & ]. These investigators conducted a randomized, controlled crossover trial to assess control of hypothyroidism in individual patients when using a brand name L-thyroxine formulation vs. a single generic formulation that is deemed 'bioequivalent' by regulatory standards. They demonstrated that TSH values were significantly lower (by 1.4 mIU/l) on brand name than on generic L-thyroxine, with no difference in the serum free T4 or total T3 concentration ( Fig. 2) .
Apparently contradictory findings were reported by Lomenick et al. [25 & ], who retrospectively studied 62 patients with congenital hypothyroidism under age 3 years taking a generic L-thyroxine product or a specific brand name formulation. They found no difference in the number of TSH checks or L-thyroxine dose adjustments but noted a possible decrease in variance of the serum TSH concentration in the generic group. The authors concluded that generic and brand name L-thyroxine are equally effective in young children with congenital hypothyroidism. A limitation of this study was that only 19% of individuals changed from one formulation to another; therefore, the interchangeability of L-thyroxine formulations in a given patient was not assessed. It is also notable that the majority of patients studied by Carswell et al. ] found no significant difference between treatment groups (Fig. 2) ]. Taken together, both studies support the conclusion that brand name and generic L-thyroxine formulations may not be interchangeable in patients with little or no thyroid reserve, but that the small difference between preparations is less important in patients with milder functional impairment.
Liquid formulations of L-thyroxine have traditionally been avoided for treating congenital hypothyroidism in the USA due to concerns about variable bioavailability. Cassio et al. excipient, and the effect on neonates of prolonged exposure to this dose of ethanol is unknown.
CONCLUSION
Recent data continue to illuminate the incidence, cause, optimal treatment and outcome of congenital hypothyroidism, including the disorders of thyroid function seen predominantly in infants born preterm. However, new data have raised new questions. Increased understanding of the basic pathophysiology of thyroid dysfunction and of variables underlying developmental complications in congenital hypothyroidism will hopefully lead to further optimization of treatment and improvement in outcomes in the future.
